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Abstract
The process of magnetic reconnection when studied in Nature or when modeled in 3D simulations
differs in one key way from the standard 2D paradigmatic cartoon: it is accompanied by much
fluctuations in the electromagnetic fields and plasma properties. We developed a new diagnostics,
the topographical fluctuations analysis (TFA) to study the spectrum of fluctuations in the various
regions around a reconnection site. We find that fluctuations belong to two very different regimes.
The first regime is better known, it develops in the reconnection outflows and is characterized by
a strong link between plasma and electromagnetic fluctuations leading to momentum and energy
exchanges via anomalous viscosity and resistivity. But there is a second, new, regime: it develops
in the inflow and in the region around the separatrix surfaces, including the reconnection diffusion
region itself. In this new regime the plasma remains laminar but the electromagnetic fields fluc-
tuates strongly. We present an analogy with the smooth continuous motion of the bow of a violin
producing the vibrations of the strings to emit music.
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The cartoon image of reconnection is laminar. Reconnection is thought as two flied lines
coming together from regions of opposite magnetic polarity, breaking and reconnecting to
form two new field lines with different topological connection [1]. The process is associated
with considerable magnetic energy release into kinetic particle energy. This picture naturally
associates great value into the central point where the field lines touch and reconnect, the
x-point as it is called. In 2D thinking this model is extremely powerful and can explain much
if not most of what is observed. The magnetospheric multiscale (MMS) mission confirmed or
uncovered many features of reconnection that can be understood within this paradigm [2].
However, it has long been known that reconnection is also associated with waves and
fluctuations [3]. MMS has reconfirmed this point [4, 5]. In recent studies focused on dayside
reconnection, where MMS spent the first phase of its mission, the presence of fluctuations has
also been reproduced in full kinetic particle simulations [6]. We look here at the conditions
expected for fluctuations in the nightside of the Earth magnetosphere, the magnetotail.
The conditions are different because the magnetotail has symmetric density, magnetic
field (and plasma beta). Additionally the dayside can have a strong field in the out of
plane direction (called guide field and directed in the dawn-dusk direction along the Earth
rotation) while in the tail such field is usually rather weak.
In the present letter, we consider the different regimes of fluctuation present in different
regions around a reconnection site for conditions typical of the magnetotail. To reach this
goal we developed a new investigation method, the topographical fluctuations analysis (TFA)
designed to provide statistical information on the fluctuation spectra in different regions.
The outcome of the study is perhaps surprising and certainly at considerable variance with
the results obtained in the magnetopause [6]. We identify two regimes of fluctuations. One
in the outflow leads to a turbulent regime where the fluctuations involve both fields and
particles. In the inflow and separatrix region, instead, the fluctuations involve only the
fields without affecting the particles.
The two regimes differ much in practical consequences. The outflow MHD regime is
capable of inducing a strong and turbulent energy exchange as well as strong anomalous
momentum exchange dominated primarily by the electrostatic term in Ohm’s law. The
inflow regime, instead, does not lead to substantial fluctuations in the energy exchange nor
significant momentum anomalous dissipations. This is very different from the magnetopause
where fluctuations-induced anomalous effects are strongly present also in the separatrix and
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even electron diffusion region [6].
We present a visual analogy to understand this regime. We compare the electromagnetic
fluctuations with the strings of a violin and the plasma motion around a reconnection site
as a bow of a violin: the strings vibrate under the continuous friction of the bow. The
inflow and separatrix fluctuations are similar: the electromagnetic fields oscillate under a
continuously streaming plasma. But the streaming plasma does not vibrate, just like the
bow of a violin moves smoothly in the expert hands of a violinist.
Our investigation uses a 3D fully kinetic particle in cell approach based on the code iPic3D
[7]. The present simulation has a mass ratio mi/me = 256, vthe/c = 0.045, Ti/Te = 5. The
initial condition is that of a Harris sheet with thickness L/di = 0.5 in a domain where the
initial magnetic field is along x with size Lx = 40di, the initial gradients are along y with
Ly = 15di. The third dimension, where the initial current is directed, is initially invariant
with Lz = 10di. Open boundaries are imposed in x and y and periodicity is assumed along
z.
The Harris plasma density peaks in the central plane y = Ly/2 and decays exponentially
to zero along y. The real magnetotail has a non zero asymptotic density and to increase
the level of fidelity we also add a background of 10% of the peak Harris density. We choose
to set the simulation initially in the ion rest frame so that all the current is initially carried
by the electrons. In this frame then the background plasma is not drifting and the overall
system has no velocity shear (since the electron mass is much smaller and the center of
mass speed is essentially the speed of the ions that is initially zero). This choice avoids the
presence of shear-driven modes that tend to kink the current sheet, an effect that would
have complicated the interpretation of the fluctuations [8]. The four plasma species (ions
and electrons in the Harris and background) are each described by 125 particles per cell
(with non uniform weight in the case of the Harris species). The grid has 512x192x128 cells,
resolving well the electron skin depth, in the reconnecting background plasma ∆x ≈ 0.4de,b
(the initial Harris plasma is quickly swept away by reconnection). The time step also resolves
equally well the electron cyclotron frequency, even in the strongest field, ωce,Bmax∆t ≈ 0.3
(and even better in more average fields).
Figure 1 shows the standard deviation of the fluctuations of the divergence of the Poynting
flux, ∇ · S. As can be observed, fluctuations are present everywhere, but focusing on the
regions exceeding the -5 decade in logarithmic scale (yellow to white), we can distinguish
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FIG. 1: Divergence of the Poynting flux at ωct = 21.825. From top to bottom are reported:
a) false color representation of c∇ · S/miω4pi in the mid-plane y = Ly/2; b) the standard de-
viation of ∇ · S along z, superimposed with the contour plot of the mean flux function Ψ; c)
spectrum of Fourier modes ∇˜ · S(x, y, kz) along the x axis (at y = Ly/2), normalized to their
integral
∫
dkz∇˜ · S(x, y, kz); d) flux function eΨ(x, y)/mic averaged over z.4
three regions: 1) the inflow region above and below the central reconnection region, 2) the
central reconnection region, with a band around the separatrices, 3) the outflow region where
the downstream pileup front form.
A cut through the mid plane (Fig. 1-a) highlights the structure of these fluctuations. A
quasi-periodic repeating pattern is evident but a study based on 1D Fourier decomposition
along z (see Fig. 1-c) reveals a turbulence-like non linear cascade of Fourier modes along
z [9]. The spectrum in kz is rather similar in all regions at different distances from the
reconnection site including the electron diffusion region itself. Note that the spectrum is
normalized to its integral for each x, the fluctuation levels are much weaker in the central
reconnection region than in the outflow but the spectrum in kz is rather invariant, denoting
an independence to the original mechanism producing the fluctuations and the establishment
of a non-linear turbulent cascade.
The spatial invariance of the spectrum of kz might be indicative of a common cause. The
fluctuations around the reconnection region are caused by the drift of the species, different
for electrons and ions. In the inflow along the separatrices (see Fig. 3-b), the electrons drift
causes instabilities due to the relative ion-electron drift (Buneman instability [10, 11]) and
between different electron populations [12]. In the outflow, the dominant instability is the
lower hybrid drift instability due to the strong density gradients formed in the pile up region
where the outflow meets the ambient plasma [13, 14] and the unfavorable curvature of the
field lines contributes to driving the instability [15]. Once the fluctuations are generated a
process of nonlinear cascade ensues leading to a turbulent behavior [16–18] To analyze the
fluctuations in each region, we have developed a specific diagnostic referred to as topographic
fluctuation analysis (TFA). The idea is to use the same statistical tools used in demographics.
A statistician might pose the question of what is the income distribution among the people
living in different districts of a city. Similarly we study the spectrum of fluctuations in
different regions around the reconnection region.
The main question is how do we identify the regions? The flux function is a natural choice,
considering that the simulation is initially invariant in z and throughout the evolution this
invariance remains valid on average, except for the fluctuations. We define in each plane
at constant z a flux function Ψ(x, y), defined as the scalar function whose contours are
everywhere parallel to the magnetic field on that plane (i.e. the function is defined by the
generating equation∇xyΨ·B = 0). Note that this function is not the out of plane component
5
of the vector potential: this property will be true only in a 2D domain. In our 3D case, the
flux function defined above is just a useful function to define the intersection of the magnetic
field surfaces with a plane at given z.
The flux function defined above can be shifted in each plane by a constant: we define it so
that the flux function in each plane is zero at the intersection where the separatrix surfaces
meet Ψ(xx, yx) = 0 (where xx, yx identifies the so-called x-point in each plane). Figure 1-d
reports an example of such flux function for the central plane (z = Lz/2). It obviously
resembles the out of plane component of the vector potential in 2D domains despite the
warning above.
To define the TFA, we subdivide the range of Ψ into 100 3D regions between two surfaces
at two consecutive values of Ψ. The regions are 3D because Ψ is defined in every z plane.
The region around Ψ = 0, by construction, is centered on the reconnection site.
We then measure in each of these regions how the fluctuations for a given quantity are
statistically distributed. In this task, we use the convenient periodicity along z where all
the quantities are nearly invariant except for the fluctuations. A fluctuation can then be
simply defined as the variance with respect to the value averaged along z at a given (x, y)
location. With this definition of fluctuations, we bin the fluctuations in each region into 100
bins measuring the occurrences of the values of the fluctuations. In essence we count how
many times a fluctuating quantity is in between two consecutive values in a range of 100
intervals between maximum and minimum. The maximum and minimum are defined over
the whole domain. This results in an occurrence count that is different for each region of Ψ.
The approach is based on the demographic analogy. What we do in essence is bin all
people into 100 income groups from the richest to the poorest person in the city, and measure
the number for each income bin in each city district. The result is a 2D map where for each
district we know the count of incomes. In our study we obtain the count of fluctuation levels
in 100 different fluctuation bins for each of the 100 flux function regions in which the domain
is divided.
The resulting analysis is shown in Fig. 2. What can be observed is the fluctuation range,
defined with a sign because fluctuations can be positive or negative relative to the mean.
In each panel we can observe the fluctuation spectrum in the region where the separatrices
meet (around Ψ = 0), in the inflow ( Ψ < 0) and in the outflow ( Ψ > 0). The precise
location corresponding to a given value of Ψ can be obtained form Fig. 1-d.
6
FIG. 2: Results of the TFA analysis displaying the occurrence count in 100 fluctuation ranges for
100 flux function domains. The quantities measured from top to bottom and left to right are:
a) magnetic energy (WB = e
2B2/2µ0m
2
iω
2
pi) change ω
−1
pi ∂WB/∂t, b) divergence of the Poynting
flux c∇ · S/miω4pi, c) cJe ·E/miω4pi, d) divergence of the electron energy flux, e) cJi ·E/miω4pi, d)
divergence of the ion energy flux.
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Each row in Fig. 2 corresponds to an energy channel. From the top, we report first the
electromagnetic energy exchange between Poynting flux and magnetic energy (the electric
field energy is negligible in our simulation where the speeds remain much below the speed of
light). Next we report the electron energy exchange with the electromagnetic field and the
electron particle energy flux (inclusive of all energy fluxes: bulk, enthalpy and heat flux).
Finally the ions are shown.
The most surprising feature is that in the inflow (Ψ < 0) and reconnection region proper
(Ψ ≈ 0) almost only the electromagnetic energy is being exchanged by the fluctuations. In
essence the magnetic energy is converted to Poynting flux and viceversa. The fluctuations
affect the electrons and ions minimally, except far downstream of the reconnection region
for Ψ > 0. The energy exchange rate with the electric field, Js ·E, fluctuates only in the far
outflow, while the species energy flux starts to fluctuate at the central reconnection site at
Ψ ≥ 0.
The TFA clearly identifies two different regimes for the fluctuations. The first is in the
region of inflow (Ψ < 0) where only the electromagnetic field fluctuate but the particle
energy exchange with the fields (Js · E) does not respond to the fluctuations. The second
region is that of the outflow (Ψ > 0) where the species start to respond to the fluctuations.
These two regimes of fluctuation identify two different types of processes. In the recon-
nection region proper, the region near the separatrices and the inflow the instabilities and
their non-linear development do not cause particle fluctuations. But the reader should not
jump to the conclusion that there is no energy exchange. Figure 3 shows the electron bulk
flow and the electron energy exchange rate with the electric field. The energy exchange
is just as large in the central and separatrix region as it is in the outflow, but it remains
laminar.
We propose a musical analogy: as a violin player slides the bow over a string, the string
vibrates at high frequency emitting the music but the bow moves regularly and smoothly,
transferring its energy to the string monotonically. Over each swipe of the bow the string
vibrates many times, but the bow moves steadily at constant speed. What we see in this
violin-like fluctuation regime is that the electromagnetic fields fluctuate but the particles
act as a laminar flow. The fluctuations do not carry over to the particles: the waves act in
an average way and the particles gain or loose energy in an average sense.
The regime in the outflow is more well known and is characterized by fields and plasma
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FIG. 3: False color representation of the electron energy exchange rate with the electromagnetic
fields, cJe ·E/miω4pi (a, top) and of the electron horizontal speed, Vex/c in the mid plane z = Lz/2
(b, bottom). Average along the z direction.
species fluctuating together. This process develops fully only in the pile up regions at the end
of the outflows. Previous studies already identified a developing turbulence in this region
and the reader is referred to those for more details [9, 14, 19, 20].
A key consequence of these two distinctly different regimes of fluctuation is that the violin-
like regime should be incapable of really affecting the momentum equation by producing
an anomalous term because it is incapable of forcing fluctuations in the plasma species.
Conversely, the fluctuation regime in the outflow could lead to strong anomalous effects.
The study of anomalous momentum exchange rates is based on the generalized Ohm’s
law and on considering for each quantity an average value and the fluctuations. For the
electric field for example, E = 〈E〉+ δE. Substituting the decompositions for each quantity
into the generalized Ohm law and averaging it along z, one obtains [21]:
e〈n〉〈E〉 = me〈n〉d〈Ve〉
dt
+∇ · 〈Pe〉 − 〈Je〉 × 〈B〉+ Ξ, (1)
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where the anomalous terms Ξ are:
Ξ = −e〈δnδE〉+me〈δndδVe
dt
〉 − 〈δJe × δB〉, (2)
where the three fluctuation-supported terms are the electrostatic (aka anomalous resistivity),
inertia and electromagnetic (aka anomalous viscosity [6]) terms. The fluctuations of the
pressure tensor in this formalism do not produce anomalous effects.
Figure 4 shows the different terms in the generalized Ohm’s law. As predicted above, the
region of violin-like fluctuations are not providing any momentum exchange, the mean and
the fluctuation terms remain negligible.
Contrary to what one could think, the action in reconnection is not at the center: the
electron diffusion region at this stage of reconnection is not a center of intense momentum or
energy exchange. However, this is not the case at the early stages of reconnection onset, then
all the action is in the center. At this advanced state when reconnection is fully established,
all the action is on the outflow fronts. In Fig. 4, the top panel shows the main term 〈n〉〈E〉.
The second panel reports the main terms of the averaged generalized Ohm’s law. The last
panel reports the so-called anomalous contributions to the generalized Ohm’s law produced
by the fluctuations.
The majority of the out of plane electric field is caused by the Hall and advection term
〈Je〉×〈B〉, with the pressure term being small in comparison. The anomalous terms, instead,
provide a substantial minority contribution, especially the electrostatic fluctuation term,
δnδE but also the electromagnetic term, δJe × δB. The inertia term is negligible by virtue
of the mass ratio of the electrons being very small in the present simulation, a realistic effect
because in reality it is even smaller (1836 instead of 256 for hydrogen plasma).
In summary, this letter analyses the fluctuations around a reconnection site using 3D
PIC simulations with electrons and ions both treated as particles. The resolution includes
the electron effects down to a fraction of the electron skin depth and electron cyclotron
frequency, well beyond the scale of interest of the fluctuations studied. The results can then
be considered well converged, as proven by simulations with less resolution but substantially
equivalent results not reported here. The main conclusion is that fluctuations in the outflow
present the classic scenario of turbulent reconnection with plasma species and electromag-
netic fields fluctuating in sync. The inflow and separatrix region, instead, present a different
type of fluctuations: the fields fluctuate but the plasma species remain essentially laminar.
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FIG. 4: False color representation of the right-hand side of the generalized Ohm’s law,
e〈n〉〈E〉c2/miω4pi (top). Cut along the x axis (at y = Ly/2) of the mean (middle) and fluctua-
tion (bottom) terms of the generalized Ohm’s law.
These electromagnetic fluctuations are compared by analogy with the vibration of the string
of a violin in response to the monotonic motion of the bow: electron and ions exchange
energy with the fields but retain their laminar motion.
The consequence of these two regimes is that the fluctuations produce strong momentum
and energy exchange with the fluctuations only in the outflow resulting in large energization
of the plasma species and large anomalous dissipations (viscosity and resistivity) only in the
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outflow. In the inflow and separatrix regions there is strong but laminar energy exchange
but essentially no anomalous momentum exchange despite the electromagnetic fluctuations
present.
The conclusions reported here are valid for conditions in the Earth nightside reconnection
and differ starkly with those reported for the Earth dayside reconnection [6]. The data from
the MMS mission provides direct in situ opportunity to hunt for the new violin-like turbulent
state reported here: finding proof of its actual existence is the natural follow up of our work.
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